ABSTRACT Stage-speciÞc survival, growth, developmental biology, and biometry of the sharpshooter Homalodisca coagulata (Say) were studied in the laboratory under controlled conditions of 27 Ϯ 1ЊC, 65 Ϯ 5 RH, and a photoperiod of 14:10 (L:D) h. Nymphs and adults were individually reared on excised cowpea, Vigna unguiculata L. Walp., plants maintained in ßoral aquapics containing a hydroponic solution. Embryonic development of eggs was completed in 7.1 Ϯ 0.8 d with 92.6% of the incubated eggs hatching. Nymphs molted Þve times, and the nymphal period of 61 Ϯ 2.9 d for females was 1.2-fold signiÞcantly longer than that of males. The second nymphal stage was the shortest for both sexes (6.1 Ϯ 0.5 d for females and 5.8 Ϯ 0.8 d for males), whereas the last instar was the longest for females only. Stage-speciÞc mortality was similar between instars; Ϸ36% of the nymphs molted to adults. H. coagulata adult sex ratio was not signiÞcantly different from a 1:1 ratio. Adult females lived 52 Ϯ 11 d, and females deposited an average of 194 Ϯ 35 eggs each. Analysis of life table statistics indicated that populations of H. coagulata increased at a rate of 1.045 per day and doubled within 15.6 d. The different H. coagulata growth stages were well described by body length, head capsule width, and hind tibia length; however, analysis of frequency distribution showed that head capsule width was the most suitable parameter for distinguishing the immature developmental stages of H. coagulata.
THE SHARPSHOOTER Homalodisca coagulata (Say) (Homoptera: Cicadellidae) is a xylem feeder indigenous to the southern United States from Florida to Texas, and northeastern Mexico (Turner and Pollard 1959) . It develops on Ͼ100 plant hosts belonging to 31 woody dicot, herb, and grass families French 1987, Andersen et al. 2003) . In the southern United States, the pest is commonly found feeding on grapes, citrus, alfalfa, plum, peach, almond, and several ornamentals (Turner and Pollard 1959) . H. coagulata inßicts economic damage by transmitting Xylella fastidiosa, a bacterium that causes PierceÕs disease, almond scorch, peach stunt, alfalfa dwarf, and citrus leaf chlorosis (Redak et al. 2004) . Bacterial impediment to xylem ßow leads to leaf and shoot dieback and eventually plant death (Hopkins 1989 , Purcell 1997 , Varela et al. 2001 ). This disease prevents widespread cultivation of Vitis vinifera L. wine and table grapes in the southeastern United States (Purcell 1997) . The relatively recent establishment of H. coagulata in California has changed the epidemiology of PierceÕs disease there (Almeida and Purcell 2003) , because H. coagulata uses a greater range of host plants than vectors native to California. Predictive models suggest that the H. coagulata can colonize other areas in the United States and elsewhere (Sorensen and Gill 1996 , Hoddle 2004 , Redak et al. 2004 .
The development of effective pest management strategies to control H. coagulata requires knowledge of its stage-speciÞc development and reproductive biology. Few studies have evaluated the developmental biology of H. coagulata, probably because of the difÞculty in rearing this insect. Nymphs and adults may have different nutritional requirements, and in many instances nymphs cannot develop successfully on host plants that are preferred by adults (Brodbeck et al. 1996) .
Only a few host plants apparently support the development of H. coagulata to maturity (Brodbeck et al. 1996 (Brodbeck et al. , 1999 . To date, there is no artiÞcial diet or a diet-based rearing system for H. coagulata, thus limiting biological studies. Consequently, little is known about the life table statistics of H. coagulata, because published studies on the reproductive biology have not covered the entire life cycle of the pest.
Control programs also require knowledge of the population dynamics and community structure of Mention of trade names or commercial products in this publication is solely for the purpose of providing speciÞc information and does not imply recommendation or endorsement by the U.S. Department of Agriculture.H. coagulata. Because H. coagulata, a paurometabolous insect, undergoes Þve ecdyses during its development (Turner and Pollard 1959, Brodbeck et al. 1999) , it is of signiÞcant importance to develop reliable criteria for distinguishing the various nymphal stages.
Because of the paucity of knowledge on the reproductive biology and the biometry of H. coagulata, the purposes of this study were 1) to develop a simple method for rearing individual H. coagulata from egg to adult on cowpea, Vigna unguiculata L. Walp.; 2) to determine egg to adult developmental time, survivorship, and reproductive potential on cowpea; and 3) to assess the utility of head capsule width, hind tibia length, and body length for understanding growth patterns of this sharpshooter.
Materials and Methods
Plants. The study was conducted at the Kika de la Garza Subtropical Agricultural Research Center (KSARC), USDAÐARS, in Weslaco, TX. Four cowpea seeds were planted per 1-liter (25-cm-diameter) pot containing Sunshine Mix #1 (Sun Gro Horticulture Distribution, Inc., Seba Beach, Canada) in a greenhouse, watered to saturation every day, and fertilized with 0.5 g per pot of Peters Professional water-soluble fertilizer (Scotts-Sierra Horticulture Products Co., Marysville, OH) containing NÐPÐK (20 Ð20-20) 1 wk after planting. When plants were 2 wk old, they were excised at the base of the stem and immediately placed in a ßoral aquapic Þlled with MaxiGrow (10 Ð5-14) hydroponic solution (Aqua Hydroponics, Sebastopol, CA). Aquapics containing plant cuttings were individually placed on No.1 Whatman (Whatman International Ltd., Maidstone, England) Þlter papers in 15-cm-diameter ventilated petri dishes.
Life History. Egg masses were obtained from a stock culture initiated from vineyard-collected H. coagulata and maintained on caged cowpea plants at KSARC. The egg masses were placed in petri dishes and incubated under controlled conditions in an incubator at 27 Ϯ 1ЊC, 65 Ϯ 5 RH, and a photoperiod of 14:10 (L:D) h. A 1-d-old H. coagulata nymph was placed on an excised cowpea in each petri dish, and the dishes were kept in the incubator at the same climatic conditions. Hydroponic solution was replenished as needed. Excised cowpea plants were changed every 2 d. Dates of molting, death, and adult emergence were recorded daily.
Adult Longevity and Reproduction. One pair of newly emerged adult (1&, 1() were placed in an oviposition chamber that consisted of a 11-cm-diameter cylindrical cardboard tube placed around each pot of 2-wk-old cowpea plants (Fig. 1) . The top end of the tube was covered with muslin fabric. Number of eggs and dead adults were counted daily for the entire life span of each adult, in each of 15 chambers. Males dying Þrst were replaced from the stock colony. Dead females were not replaced and remaining males were kept until death. Potted plants were replaced weekly or each time an egg mass was deposited on them. Twenty randomly selected egg masses containing 12Ð26 eggs each were incubated, and the numbers and dates of emerging nymphs were recorded.
Biometric Data. H. coagulata biometric data were based on measurements of head capsule width, body length, and left hind tibia length of 245 laboratoryreared individuals of each different developmental stage. Thirty-one adult H. coagulata collected from a neighboring vineyard (Monte Alto, TX) also were measured. Specimens were chilled for 15 min in a refrigerator at 4ЊC, and head capsule widths and hind tibia lengths were immediately measured under a microscope, dorsal side up, to the nearest 0.1 mm. Body lengths were measured with the specimensÕ ventral side up.
Statistical Analyses. Stage-speciÞc developmental time was subjected to a two-way analysis of variance (ANOVA) with sex and developmental stage as factors. Means were separated using the TukeyÐWelsch step-down procedure with RyanÐEinotÐGabrielÐ Welsch multiple range (REGWQ) option (Westfall et al. 2003) . Closed testing procedures such as the TukeyÐWelsch test have more power in detecting treatment differences than single-step procedures because of a better control of family-wise error (Westfall et al. 2003 ). Life table statistics of H. coagulata were calculated using the jackknife program (Hulting et al. 1990 ). Variation in head capsule width, body length, and hind tibia length between instar and adult stages were subjected to one-way ANOVA, and the REGWQ test was used to compare means where signiÞcant F values were obtained (Westfall et al. 2003) . A frequency distribution of the head capsule widths was plotted to establish a size range for each instar. Because no signiÞcant differences were detected between the head capsule widths of laboratory-reared and Þeld collected adults, data for adults were com- bined. Growth ratios were calculated by dividing the size of a structure in an instar by the size of the equivalent structure in the preceding instar (i.e., the interinstar ratio) for the three biometric parameters. Constant growth ratios were expected within a species according to the BrooksÐDyar rule of geometric growth (Daly 1985) . Regression analyses were performed to evaluate the pattern of growth between instars. A linear regression analysis was used to describe the relationship between instars (x) and the log of head capsule widths (y), whereas H. coagulata body and hind tibia lengths (y) were described using a logistic regression: 
Results
Life History Parameters. Survivorship from the Þrst instar to adult emergence on cowpea was 36% (Fig. 2) . Nymphal survivorship decreased at a daily rate of 1.1% (y ϭ Ϫ1.1x ϩ 96.0; t ϭ 15.38, df ϭ 1, 4; adjusted R 2 ϭ 0.98; P Ͻ 0.0001). The percentage of nymphs molting to the next developmental stage was comparable between the different instars (G ϭ 3.62, df ϭ 4, P Ͼ 0.05) and ranged from 78% for the fourth instar to 89% for the second instar.
The durations of each of the Þve nymphal stadia were affected by instar (F ϭ 29.81; df ϭ 4, 150; P Ͻ 0.0001), sex (F ϭ 4.44; df ϭ 1, 150; P ϭ 0.03), and the sex by instar interaction (F ϭ 5.12; df ϭ 4, 150; P ϭ 0.0007) ( Table 1) . Within each sex, the Þrst three instars had the shortest developmental times, whereas Þfth instar females took the longest time to complete development. The mean total nymphal period of H. coagulata on cowpea was 8 d longer for females than for males. The total nymphal period ranged from 48 to 92 d for females and from 44 to 66 d for males. The sex ratio of GWSS adults was 1:1 (G ϭ 0.25, df ϭ 1, P Ͼ 0.05).
Adult Longevity and Reproductive Capacity. The daily number of eggs laid over the female life span was not related to female age. The number of offspring per female per day ranged from zero to six (Fig. 3) , with a mean value of 2.1 during the active oviposition period.
Analysis of life table statistics incorporating both ongoing mortality and fecundity data revealed that the multiplication rate of H. coagulata was 33.6 times during the mean generation time of 79.3 d (Table 2) . H. coagulata intrinsic rate of increase (r m ) was 0.044, indicating that its population could double within 15.6 d. Means followed by the same small letter within each row, and by the same capital letter within each column, are not signiÞcantly different (P Ͼ 0.05; REGWQ).
Biometric Analysis. Measurements of head capsule width, body length, and left hind tibia length, varied signiÞcantly with developmental stage (Table 3) . From Þrst instar to adult stage, the size of H. coagulata increased by 400, 450, and 430% for the head capsule width, body length, and left hind tibia length, respectively. The greatest increase in size, as shown by the interinstar ratios, occurred between the second and third nymphal stages for all three biometric parameters (Table 3) . Between instars, growth patterns of body and tibia lengths were well described by a sigmoid curve, with a rapid growth phase from the second to the fourth instar ( Fig. 4A and B) , whereas the natural logarithm of head capsule width grew at a constant rate (Fig. 4C) . Head capsule (y ϭ 0.22x ϩ 0.17; F ϭ 3418.2; df ϭ 1, 264; adjusted R 2 ϭ 0.93; P Ͻ 0.0001) and hind tibia length (y ϭ 0.33x ϩ 0.17; F ϭ 6922.6; df ϭ 1, 264; adjusted R 2 ϭ 0.96; P Ͻ 0.0001) were signiÞcantly and positively related to body length (x). For all three parameters measured, adult females were signiÞcantly larger than males in both laboratory-reared and Þeld-collected individuals. Despite the signiÞcantly greater body length and hind tibia length for Þeld-collected adults compared with laboratory-reared adults within each sex, their head capsule widths were not signiÞcantly different (Table  3) . Although all biometric data signiÞcantly varied with H. coagulata developmental stage, only the grouping of head capsule widths did not overlap between nymphal stages (Table 3 ). The distribution of frequency analysis also showed instar groupings to be overlapping for body length and hind tibia length but not for the head capsule width (Fig. 5) .
Discussion
The successful completion of H. coagulata life cycle from egg to adult observed in this study demonstrates that cowpea is a suitable host plant. Despite the polyphagous behavior of H. coagulata, few host plant species have been shown to support its complete development because of the apparently different nutrient requirements of nymphs and adults (Andersen et al. 1992 , Brodbeck et al. 1996 . H. coagulata adults thrive well on plants with xylem ßuid containing proportionally higher concentrations of amides, whereas nymphs develop more successfully on host plants with xylem ßuid containing a more balanced proÞle of amino acids (Brodbeck et al. 1995) . The successful completion of the H. coagulata life cycle on cowpea indicates that the xylem ßuid is sufÞciently nutritious to support both nymphs and adults. H. coagulata colonies have been maintained on cowpea in the greenhouse for Ͼ2 yr (W.A.J., unpublished data).
However, host suitability of a plant for an insect species is also dependent upon mortality rate. In our study, nymphal survivorship was comparable with the lowest mortality recorded on soybean, Glycine max (L.) Merrill, plants supplemented with different fertilization treatments (31Ð 42%) (Brodbeck et al. 1999) . Soybean has previously been mentioned as one of the few laboratory host plants that support the complete development of H. coagulata (Brodbeck et al. 1999 (Brodbeck et al. , 2004 .
The developmental time for nymphs in our study is also longer than that reported by Brodbeck et al. (1999) on soybean supplemented with different fertilizers. Although all H. coagulata were fed and reared the same way in our study, females took 8 d longer than males to become adults. Because of their larger size and additional egg laying at adult stage, females may have greater nutritional needs than males (Scriber and Slansky 1981, Honek 1993) . These requirements might result in a longer developmental period during the last nymphal stage (Scriber and Slansky 1981) . In addition, many organisms have evolved various mechanisms, which enable them to avoid close inbreeding (Enigl and Schausberger 2004) . Thus, the longer developmental time of immature females might prevent inbreeding of H. coagulata populations. Fecundity and development of cicadellids are inßuenced by host plant species (Van Rensburg 1982) . Survival of H. coagulata varies with host plant species, genotypes of the same host plant species, and plant growing conditions (Brodbeck et al. 1999 (Brodbeck et al. , 2004 . Survivorship of H. coagulata on cowpea might be improved by using nonexcised whole plants or by determining more optimal host plant growing conditions, such as the quantity and quality of fertilizer, and the climatic factors. Under natural conditions, H. coagulata nymphs have the ability to disperse and seek better host plants for successful completion of their development (Tipping et al. 2004 ). This ability to disperse and feed on host plants that are better food sources might improve nymphal survival and accelerates developmental rate. Also, no information is available regarding the effects of temperature on the performance of H. coagulata nymphs and adults, but AlWahaibi and Morse (2003) reported a signiÞcant effect of temperature on embryonic development. DNA Þngerprinting detected genetic variation between populations of H. coagulata from different geographic regions of the United States (de Leó n and Jones 2004), which might result in biological differences.
The 1:1 sex ratio also was found to occur in H. coagulata populations collected from grapes (M.S., unpublished data). However, Brodbeck et al. (2004) reported that the sex ratio of H. coagulata was affected by nymphal diet, with more males than females emerging from a poor diet. H. coagulata eggs were deposited throughout the life span of adult females, and the number of eggs deposited was independent of female age. Because H. coagulata females usually mate only once (Hix 2001) , the availability of suitable host plants for adult feeding might determine female longevity and thus reproductive potential. The total number of eggs laid by a gravid adult female recorded on cowpea in the current study was lower than the fecundity potential of 500 Ð1,100 eggs reported in literature (Leopold et al. 2004 ). In the current study, most of the egg masses had even numbers of eggs. Hix (2001) described the oviposition behavior of H. coagulata and showed that two eggs were laid at a time; however, in the few events the egg mass had an odd number of eggs, the single egg was laid last.
The intrinsic rate of cohort increase, the difference between birth rate and death rate (Birch 1948) , describes the capacity of increase r m when an insect is reared on different food sources (Hansen et al. 1999 ). The r m values and other life table parameters in our study suggest that H. coagulata populations can increase on cowpea alone.
Despite the suitability of cowpea plants for successful completion of H. coagulata life cycle, the relatively poor performance of H. coagulata on cowpea as measured by lower nymphal survivorship, longer immature development, and lower number of eggs laid by adult females, compared with soybean, suggests that cowpea could be used as a trap crop in the management of H. coagulata. Additional studies should investigate the oviposition preferences of H. coagulata for cowpea relative to other host plants.
Head capsule width was the most reliable criterion for determining developmental stages. Using body length, the Þrst and second instars could not be distinguished from one another. Similarly, lengths of the fourth and Þfth instars overlapped. The Þrst three instars can be distinguished from one another by the hind tibia length but not between the fourth instar and Þfth instars. The head capsule width is often used to determine the developmental stages of insects that undergo several ecdyses (Hutchinson and Tongring 1984, Daly 1985) , and there was a positive relationship between the head capsule width and instar in H. coagulata (Fig. 4C) . Measurements of head capsule width and hind tibia length were highly correlated with body length, suggesting a static allometry for H. coagulata (Stern and Emlen 1999) . These Þndings suggest that head capsule width can be used to determine age structure of H. coagulata populations in the Þelds.
For the three morphometric parameters, laboratory-reared individuals were of smaller size compared with Þeld-collected individuals from grape. It was not known on what host plant(s) those Þeld-collected individuals developed. Based on adult H. coagulata female weight, Andersen et al. (1989) reported similar observations between different host plants.
This study documents that cowpea is a suitable rearing host plant for H. coagulata and presents the insectÕs life history parameters. Population growth parameters revealed that H. coagulata has a high growth potential on cowpea, but in view of variation in nymphal survivorship and the developmental time with different host plants and their growing conditions (Brodbeck et al. 2004) , it is likely that estimation of life history parameters on different host plants will help to identify other host plants and rearing environments that are most suitable for studying and rearing H. coagulata.
